We report the cloning of a low-molecular-weight GTP-binding protein that appears to be the first member of a new class of G proteins. This G protein was cloned from the HT4 neural cell line and has the closest homology to the tab, sec4, and yptl members of the low-molecular-weight (LMW) G-protein family. The amino acid sequence identity is only 30% with these other LMW G proteins, but in the four conserved GTP-binding domains, amino acid identity increases to 50-100%. A unique feature that distinguishes this G protein from other LMW G proteins is its carboxy-terminal amino acid sequence -Cys-Cys-Pro. In keeping with the current nomenclature for other members of the ras supedamily, we will designate this new class as rah (ras-related homolog). On the basis of sequence homology, rah may function in vesicular trafficking and possibly in neurotransmitter secretion.
a rapidly growing family of proteins in which the ras oncogene is the prototype. The members of this diverse collection of proteins function in a number of cellular processes including the regulation of growth metabolism, protein sorting, and neurotransmitter secretion (see Bourne et al. 1990 Bourne et al. , 1991 Hall 1990 ).
These small G proteins consist of a single polypeptide chain of 21-30 kD and are able to bind and hydrolyze GTP. By analogy with the larger heterotrimeric G proteins, the binding of GTP may turn on or activate the LMW G proteins to send a signal to an acceptor molecule (Bourne 1988) . The intrinsic GTPase activity would then be responsible for turning the signal off. The precise mechanism by which these small G proteins integrate into cellular metabolism remains elusive.
Of the ras-related small G proteins, a subset of them appear to be critical in the regulation of membrane vesicle transport. The best genetic evidence comes from two yeast mutants, see4 and yptl. In Saccharomyces cerevisiae, mutations in see4 result in the accumulation of vesicles at the plasma membrane, suggesting that the Sec4 gene product is critical for the fusion of vesicles with the plasma membrane (Walworth et al. 1989) . Disruption of yptl is lethal; however, the use of temperature-sensitive mutations has shown that the Yptl gene product is involved in an early stage of vesicular transport, possibly between the endoplasmic reticulum (ER) ~Corresponding author. and the Golgi apparatus (Segev et al. 1988; Bacon et al. 1989 ).
Mammalian homologs of yptl and see4 include the tab and stag25 family of proteins. Many of these Rab/ Smg25 proteins probably function analogously to yptl and see4, in that they are involved in protein sorting and vesicular trafficking from the ER through the Golgi and on to the plasma membrane (Segev et al. 1988; Haubruck et al. 1989) . One of the Rab proteins, namely rab3 (which is the same as Smg p25A) is found predominantly in the brain and the adrenal medulla (Burstein and Macara 1989; Darchen et al. 1990; Mizoguchi et al. 1990) . A recent report has shown that Rab3A, a synaptic vesicleassociated protein (Fischer yon Mollard et al. 1990 ), dissociates from the vesicle during the process of neurotransmitter secretion (Fischer von Mollard et al. 1991) . This suggests that LMW G proteins may serve an important regulatory function in the control of neurotransmitter secretion.
The HT4 neural cell line was derived from mouse neuronal tissue and immortalized with a temperature-sensitive SV40 large T antigen (Mckay et al. 1988 ). This neural cell line secretes excitatory amino acids in response to membrane depolarization (Morimoto and Koshland 1990a) , and both short-and long-term potentiation of neurotransmitter secretion can be expressed (Morimoto and Koshland 1990b) . Potentiation of neurotransmitter secretion is mediated by the elevation of cAMP (Morimoto and Koshland 1990b, 1991b) .
In the process of understanding the molecular mechansims responsible for potentiation of neurotransmitter secretion, we discovered a new gene whose sequence indicates that it is in the general small G-protein family but does not fit into any of the known families.
Results and discussion
In recent studies of the HT4 neural cell line, a search for a new G protein involved in neurotransmitter secretion was initiated. vary from 39% to 89%. For example, the homology of rabla to rablb is 89%; to rab2, 44%; to rab3, 45%; and to rab4, 39%. To evaluate the significance of these amino acid identities, the amino acid sequence for each of these LMW G proteins was placed in random order and subjected to the same homology criteria. This analysis maintains the amino acid composition and provides an estimate of random chance for amino acid identity. By randomizing the order of amino acids, homology between members of the LMW G proteins gave an apparent amino acid identity score of 9 +-1% (mean-+ S.E., for n = 9). Thus, the amino acid sequence of the HT4 G protein is sufficiently different from the other known members of the ras superfamily to qualify this gene as a member of a new class of LMW GTP-binding protein, designated rah for ras-related homolog. A unique structural feature of rahl is the carboxy-terminal amino acids (Table 1 ). The ras superfamily of G proteins is known to be post-translationally modified by isoprenoid groups at a cysteine residue (see Maltese 1990; Gibbs 1991 ) . The carboxyl terminus of these LMW G proteins can be classified into four subgroups according to their amino acid sequences. The first group includes Ras p21, Rho, and G25K, with a termini of-Cys-A-A-X, where A is an aliphatic amino acid and X is any amino acid. The cysteine residue is either farnesylated (Hancock et al. 1989) or geranylgeranylated (Yamane et al. 1991 ) , and the -A-A-X amino acids are then removed. The free carboxyl group on the carboxy-terminal cysteine is then methyl-esterified {Clarke et al. 1988; Stephenson and Clarke 1990) .
The second and third groups of carboxyl termini have either the -Cys-Cys or -Cys-X-Cys motif, and the cysteines are modified with geranylgeranyl isoprenoid groups {Famsworth et al. 1991; Khosravi-Far et al. 1991; Kinsella and Maltese 1991} . The fourth group includes arf (Sewell and Kahn 1988} and contains no carboxy-terminal eysteine. The carboxyl terminus of rahl is -CysCys-Pro. This carboxyl terminus is related most closely to the Rab family of -Cys-Cys and -Cys-X-Cys, but the carboxy-terminal proline is a novel structure for a LMW G protein.
To confirm the expression of this new G-protein clone, first-strand eDNA was generated from poly(A) mRNA isolated from either undifferentiated or differentiated HT4 cells. Two sets of primers were used to perform polymerase chain reaction (PCR) amplification of this G-protein transcript. Primer set 1 consisted of oligonucleotides to an amino-terminal amino acid sequence (KVIVVGD) and to a region within the third conserved GTP-binding domain (TAGQERF). In Figure 4 (lane 2), a 183-bp PCR product was generated using the LMW G-protein plasmid as template for amplification. Firststrand eDNA from undifferentiated (lane 3) and differentiated {lane 4} HT4 cells also gave rise to a single 183-bp product. By making use of the oligonucleotide to the amino-terminal sequence KVIVVGD and to one in the carboxy-terminal region (FEANVLAD), a second set of primers defined a 511-bp fragment to the plasmid template {lane 5). Through the use of this second set of primers, amplification of the eDNA from undifferentiated (lane 6) and differentiated (lane 7) HT4 cells also produced a PCR product of 511 bp. Thus, this new LMW G protein is expressed in both the undifferentiated and differentiated state, consistent with the ability of this neural cell line to secrete excitatory amino acids.
Although the cellular function of rahl is unknown, homology to rab, sec4, and yptl classes of LMW G pro- Table 1 . Carboxyl termini of various LMW GTP-binding proteins Figure 4 . RNA analysis using PCR. Poly(A) mRNA was isolated from undifferentiated and differentiated HT4 cells. Firststrand cDNA was generated and used as a template for PCR amplification. Two sets of primers were used: Primer set 1 defines a 183-bp fragment; primer set 2 defines a 511-bp fragment. teins suggests a possible role in vesicular secretion, m o s t likely f u n c t i o n i n g in the fusion of secretory vesicles w i t h the plasma m e m b r a n e . HT4 cells have been s h o w n to express both short-and long-term p o t e n t i a t i o n of neur o t r a n s m i t t e r secretion (Morimoto and Koshland 1990b, 1991a) , and rahl or possibly s o m e other LMW G protein may f u n c t i o n as an i m p o r t a n t signal transduction comp o n e n t in the expression of potentiation.
Materials and m e t h o d s

Cell growth
HT4 cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum at 33~ Cells were differentiated by growth at the nonpermissive temperature for the SV40 large T antigen for 5-7 days. HT4 cells were obtained from Ronald McKay at MIT (Cambridge, MAJ.
Construction of cDNA libraries
cDNA libraries were constructed from poly(A) mRNA isolated from either differentiated or nondifferentiated HT4 cells. mRNA was isolated in a single-step extraction with guanidinium thiocyanate/phenol/chloroform (Chomczynski and Sacchi 19871 . Poly(A) RNA was purified on oligo(dT) cellulose, and 10 ~g was used for first-strand cDNA synthesis. Template mRNA was primed with a poly(dT) oligonucleotide containing an intemal XhoI restriction site. cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase and a nucleotide mixture containing 5-methyl dCTP. During second-strand synthesis, RNase H and DNA polymerase I were used to replace the RNA strand with deoxynucleotides. T4 DNA polymerase was then used to blunt the ends of the cDNA, and EcoRI adaptors were ligated to the blunt termini. The cDNA was digested with XhoI to expose the XhoI site at the 3' end of the cDNA. The incorporation of 5-methyl dCTP during the first-strand synthesis prevented the internal restriction of the cDNA inserts. The cDNA was directionally cloned into Lambda Zap II (Stratagene). Size fractionation of the cDNA gave inserts of sizes ranging from 0.5 to 3.5 kb. Phage DNA was packaged using Gigapack II Gold packaging extracts (Stratagene), which gave rise to 106 recombinant clones. The library was amplified once in the PLK-F' Eschenchia coli strain. The cDNA library constructed from undifferentiated HT4 cells was designated cDL33, and the library constructed from differentiated HT4 cells was designated cDL39.
Isolation of cDNA clones
A mixture of two oligonucleotides with the sequence 5'-CT-TGCCCACGCTGCTGTTTCC-3' and 5'-GTCACACTTGT-TCCCTACCAG-3' was end-labeled with T4 polynucleotide kinase and [~-32p]ATP (Amersham, 6000 Ci/mmole). These oligonucleotides were used to screen the cDL39 cDNA library. Hybridization was conducted under low stringency in 6 x SSC, 5 x Denhardt's solution, and 0.05% NaPPi at room temperature for 24 hr. Filters were washed initially in 6x SSC containing 0.05% NaPP i and 0.1% SDS, and the wash stringency was increased to 2x SSC containing 0.05% NaPPi and 0.1% SDS. Ten independent clones were isolated, and pBluescript phagemids were excised in vivo by coinfection with R408 helper phage (Stratagene).
DNA sequence analysis
The nucleotide sequence was initially determined using a modification of the Sanger dideoxy method (Sequenase, U.S. BiochemicalJ. Sequence data were verified using the linear amplication DNA sequencing method (dsCycle Sequencing, GIBCO/ BRL). Briefly, 1 pmole of the appropriate sequencing primer was end labeled with T4 polynucleotide kinase and [~-32P]ATP. The end-labeled primer was combined with 290 ng of plasmid DNA in Taq sequencing buffer (30 mM Tris-HC1 at pH 7.8, 5 mM MgCla, 30 mM KC1, and 0.5% W-l) containing 2.5 units of Taq polymerase. Four separate termination reactions were thermal cycled 30 times at 95~ for 30 sec, 50~ for 30 sec, and 72~ for 1 min, with a final elongation step of 72~ for 5 rain. The termination mixes contained as the final concentration 10 ~M each of dATP, dCTP, dTTP, and cLdeaza-dGTP. The dideoxy nudeotide concentrations in the respective termination reactions were 0.4 mM ddATP, 0.2 mM ddCTP, 0.04 mM ddGTP, and 0.4 mM ddTTP. The reactions were stopped with one-third volume of 95% foramide, 10 mM EDTA, 0.1% bromphenol blue, and 0.1% xylene cyanol. This linear amplification method allowed sequencing of relatively impure double-stranded template DNA. Nucleotide chain elongation and termination at temperatures >70~ prevented the formation of secondary structures, which often resulted in premature chain termination.
Sequence comparisions were performed by using the Intelligenetics Suite on a Sun 3/50 computer.
RNA analysis
Poly(A} mRNA was isolated from both differentiated and undifferentiated HT4 cells. First-strand eDNA was synthesized by Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from AMV reverse transcriptase in the presence of methyl-mercury hydroxide (cDNA cycle, Invitrogen). The rah G-protein transcripts were amplified using the GeneAmp PCR (Perkin-Elmer Cetus). Two primer combinations were used to generate 183-and 511-bp fragments. Primer set 1 consisted of the oligonucleotides 5 '-AAGGTCATCGTTGTGGGAGAC-3 ' and 5'-AACCTI~CCTGACCAGCCGTG-3'. Primer set 2 consisted of 5'-AAGGTCATCGTTGTGGGAGAC-3' and 5'-CCGCCAG-GACATTGGCCTCAAAG-3'. The amplification reactions were cycled 30 times with the following temperature profile: 95~ 30 sec; 50~ 30 sec; 72~ 1 rain. Nucleic acid fragments were separated on a 1.7% agarose gel and stained with ethidium bromide.
